The installation of long-term structural health monitoring (SHM) system on super-tall buildings, long span bridges and large space structures has become a worldwide trend since last decade to monitor loading conditions, to detect damage, to assess structural safety and to guide maintenance during their service life. The core part of an SHM system is the function of data processing and structural parameter/damage identification that extracts useful information from huge amount of raw data and provides reliable knowledge for proper decision. Recently emerged data processing technique empirical mode decomposition (EMD) in conjunction with Hilbert transform (HT) provides a more better and powerful tool for SHM. This paper summarizes some research experience gained from application of EMD + HT in SHM with focuses on pre-processing raw data, structural parameter identification and damage detection. In particular, EMD is applied to determining time varying mean wind speed for wind data and to extract multipath effect from GPS data. For structural parameter identification, the EMD + HT approach is employed to identify natural frequencies and modal damping ratios of long span bridge during passage of strong typhoon and of structures with closely spaced modes of vibration. The results manifest the advantages of EMD + HT over traditional FFT-based methods in damping estimation. Furthermore, experimental investigation has been carried out to study the applicability of EMD for identifying structural damage caused by a sudden change of structural stiffness. It is concluded from all these investigations that EMD approach is a promising tool for structural health monitoring of large civil structures. Finally, some issues concerned for further practical application of EMD are highlighted and discussed based on these academic researches.
Introduction
With the development of new construction material, new building technologies and advanced analysis methodology, many innovative large civil structures such as super tall buildings, long span bridges and large span space structures have been built or planned worldwide. In Mainland China, for instance, many big construction projects 602 J. Chen are completed in recent years. Sutong Bridge, which is currently the longest cable stayed bridge with the main span of 1088 mm, was built and open to public on June 2008. Shanghai World Financial Center, whose 492 m height makes it the second tallest completed building in the world, was completed on September 2008. Besides, China is constructing several super tall buildings with their height over 600 m such as Shanghai Center, Tanjin Tower and Guangzhou West Tower. There is no doubt that it is just a matter of time for all the records to be broken. With the increasing height and span, large civil structures are exposing to more harsher conditions such as strong winds, severe earthquakes, terrorist attacks and other abnormal events than ever before during their long service life. Any sudden failure or fatal damage to these structures might lead to significant or even catastrophic impact on the society or economy. Therefore, how to ensure the safety of these structures and how to prevent them from sudden failure engenders many challenges to professionals. Recently developed structural health monitoring technology provides a better solution for the problems concerned. The installation of long-term structural health monitoring (SHM) system on super-tall buildings, long span bridges and large space structures has become a worldwide trend since last decade to monitor loading conditions, to detect damage, to assess structural safety and to guide maintenance during their service life.
A complete SHM system consists of mainly three sub-systems: data acquisition system, data processing system and decision making system. The core part is the data processing system that is responsible for extracting useful information from huge amount of raw data and providing reliable knowledge for proper decision. Structural health monitoring technology is based on a comprehensive sensory system and a sophisticated data processing system implemented with advanced information technology and supported by cultivated computer algorithms. Development of SHM for large civil structures thus needs multi-discipline efforts from various technical areas. As for signal processing, the most important and exciting progress in recent years is the development of empirical mode decomposition together with Hilbert spectrum (denoted as EMD + HT hereafter) for analyzing nonstationary and nonlinear data.
1 Due to the fact that severe structural excitation (typhoon, earthquake) and corresponding structural responses are generally nonstationary and nonlinear, many research have been conducted in the past decades on the application of EMD + HT for SHM, some recent publications include Refs. 7, 8, [12] [13] [14] [15] 23 , 24 among many others. This paper summarizes some research works by the author from application of EMD + HT in SHM with focuses on performance of the approach in data preprocessing, structural parameter identification and damage detection based on the following publications. [3] [4] [5] [6] [7] 20, 21 The contents are organized as follows. Section 2 is a very brief introduction of EMD for completeness and description convenience. Section 3 is about utilization of low frequency components of EMD decomposition, e.g. like signal trend. In particular, the extraction of time varying mean wind speed from nonstationary strong wind and multipath effect from GPS measurements is presented. Section 4 discusses structural parameter identification using EMD + HT where the middle frequency components of EMD decomposition are adopted. Data collected from SHM system on a long suspension bridge and responses from numerical example are analyzed to identify natural frequencies and modal damping ratios. Section 5 is about utilization of the highest frequency component of EMD decomposition for structural damage detection. An experimental investigation is presented to learn the ability of EMD for detecting time instant and location of sudden structural damage event. Finally, experience gained and some difficulties encountered for EMD + HT approach in academic research and practical application are highlighted and discussed in the concluding section. Due to space limitation, some technical details such as experimental setup and identification procedure are omitted. The readers are referred to the references specified in each section for further information.
Introduction of Empirical Mode Decomposition
The empirical mode decomposition, developed by Huang et al., 11 can decompose any data set into several intrinsic mode functions (IMFs), which admits wellbehaved Hilbert transform, by a procedure called sifting process. Suppose y(t) is the signal to be decomposed. The sifting process is conducted by first constructing the upper and lower envelope of y(t) by connecting its local maxima and local minima through a cubic spline. The mean of the two envelopes is then computed and subtracted from the original time history. The difference between the original time history and the mean value is called the first IMF, c 1 , if it satisfies the following two conditions: (1) within the data range, the number of extrema and the number of zero-crossings are equal or differ by one only; and (2) the envelope defined by the local maxima and the envelope defined by the local minima are symmetric with respect to the mean. The difference between y(t) and c 1 is then treated as a new time history and subjected to the same sifting process, giving the second IMF c 2 . The sifting procedure continues until the residue becomes so small that it is less than a predetermined value of consequence, or the residue becomes a monotonic function. The original time history y(t) is finally expressed as the sum of the IMF components plus the final residue. Recent developments of EMD and sifting process can be found in Refs. 10, 17 and 19
It is seen that EMD is adaptive and decomposes the signal based on the local characteristics of the data itself. After EMD decomposition, the first IMF component, c 1 (t), has the highest frequency content of the original signal while the final residue, r(t), represents the component of the lowest frequency in the signal. By acknowledging the physical meaning of different parts of the EMD decomposition results, we have utilized the EMD decomposition results to tackle different problems within SHM system. The basic idea involved in the research is depicted in Fig. 1 and the primary results obtained are summarized in the following sections.
EMD-Based Data Pre-Processing for SHM

Determination of time varying mean wind speed by EMD
Boundary layer longitudinal wind speed U (z, t) at any given height z is assumed as summation of a constant mean wind speed U (z) and a fluctuating wind speed
where T is recording time duration that is commonly taken as 1 h or 10 min; u(z, t) is assumed to be a stationary random process and its probability distribution is assumed to follow Gaussian distribution. The above wind speed model, denoted as stationary wind speed model (SWM) hereafter, has been widely used in turbulent wind characteristics assessment. To collect strong wind data and to learn turbulent characteristics are one the major task for SHM system for load assessment. However, the boundary layer wind measured during typhoons or downburst may not comply with the assumption of a stationary random process. If the SWM is applied to these data without considering the nonstationary nature, the resulting wind characteristics will be distorted. In recognition of limitation of the stationary wind model, Xu and Chen 3, 6, 20 proposed a nonstationary wind speed model (NSWM) having the following equation
where U (z, t) is a deterministic time-varying mean wind speed; and u(z, t) is fluctuating wind speed component which is taken as zero-mean stationary random process with Gaussian distribution. The key issue of using the NSWM for assessment of turbulent wind characteristics is how to determine a time-varying mean wind speed from a field measured wind time history. The time-varying mean wind speed represents in general the environmental flow that can be viewed in the largest time scale, and therefore it is reflected as a trend in the signal. Considering EMD is one of the best algorithms to extract trend from a given signal, 18 it is adopted in NSWM to determine the time-varying mean wind speed. Suppose U (z, t) is field measured wind data, apply EMD to U (z, t) and to decompose it into summation of intrinsic mode functions (IMFs) and a residual. The time-varying mean wind speed is defined as the residual (trend) or the summation of residual and the last IMF for extremely nonstationary wind, see Refs. 3 and 6 for further information.
Figures 2(a) and 3(a) show time histories of two field measured typhoon data (dotted line), time varying mean wind (solid line) obtained by EMD and constant mean (dashed line). It can be seen that the time-varying mean wind speeds are more proper than the constant mean to characterize the nonstationary feature of strong wind. Benefit from the adaptive nature of EMD, the proposed NSWM model is applicable to different types of nonstationary strong winds. For instance, Wang and Kareem has applied the same model to Hurricane/downburst wind and the time-varying mean wind speeds are obtained by EMD as well as Discrete Wavelet Transform. 16 The overall effectiveness of the model based on EMD/DWT was demonstrated through field measured data. Figures 2(b) and 3(b) are the probability distributions of fluctuating wind speed obtained by SWM and NSWM, together with a Gaussian density function. It is seen that the probability distribution obtained by the NSWM comply with the Gaussian distribution. The probability distribution of the fluctuating wind speed obtained by the SWM, however, deviates from the Gaussian distribution significantly. This implies that after removal of the time-varying mean wind speed determined by EMD, the resulting turbulent wind is a stationary Gaussian distribution random process.
Mitigation multi-path effect in GPS data by EMD
Structural displacements of some key points, e.g. top of bridge tower, mid-span of large space structure and top of high-rise building, are crucial parameters for assessing the safety of large civil engineering structures. Nowadays, the globe positioning systems (GPS) are heavily employed for measuring the structural displacement due to its global coverage and continuous operation under all metrological conditions. Moreover, GPS can measure both static and dynamic displacement responses. The accuracy of GPS for dynamic displacement measurement depends on many factors, such as data sampling rate, satellite coverage, atmospheric effect, multipath effects, and GPS data processing methods.
1 All of these factors may introduce measurement noise to GPS data. Considering that the distance between rover and reference station is short for typical SHM system, most of the GPS data noises are greatly reduced when using a double-differencing data processing technique, and the remaining noise are mainly caused by multipath effect. Multipath effect refers to the interference of true satellite signal with delayed signal that was reflected by surrounding terrain, buildings, glasses, lakes, etc. (see Fig. 4 ). Multipath effect can cause serious inaccuracy thus should be concerned for pre-processing of GPS data. The multipath effect has the following two features that can be used for mitigation: it appears in every day's GPS data and at nearly the same time as the previous day; it has very low frequency. Accordingly, the following procedure is adopted to reduce multipath effect in GPS data: suppose x d1 (t) is GPS data of dynamic displacement of a target structure in Day 1, and x d2 (t) is GPS data in Day 2 when the structure (or the GPS rover station) is in stationary status. Applying EMD to x d1 (t) and x d2 (t) results in several IMF components and a residual. The multipath effects of Day 1 and Day 2, say M d1 (t) and M d2 (t), are defined as sum of residual and last a few IMF components.
where r and c represent the residual and IMF component of EMD mode; N d1 and N d2 are the number of total IMF components; k d1 and k d2 are non-negative integers indicating how many IMF components to be included in the multipath effect. In theory, M d1 (t) and M d2 (t) should be the same. Therefore, k d1 and k d2 are so selected to let correlation coefficient of M d1 (t) and M d2 (t) reaches maximum. For most cases the author has faced, the multipath effect is obtained by the residual and last IMF component, that is k d1 and k d2 equals zero. Finally, deducing M d2 (t) from x d1 (t) one can have the real dynamic displacement of the target structure in Day 1. Figure 5 shows the multi-path effect extracted by EMD from GPS data at the same time of two continuous day. The correlation coefficient of the two signals is 0.937. Figures 6(a)-6(e) are, respectively, the actual signal, the measured signal in Day 1, the GPS data in Day 2, the multipath effect extracted from GPS data in Day 2 by EMD, and the resulting signal after removal of multipath effect. It is clear that by using this processing procedure the multipath effect has been greatly reduced. Actually, for this particular case, 21% reduction in root mean square error between the real signal and the measured signal was achieved after removing the multipath effect. 
Application of Empirical Mode Decomposition in Structural Health
EMD-Based Parameter Identification for SHM
Structural parameter identification of a long-suspension bridge
The identification of modal damping ratios of a civil engineering structure is an important task toward the accurate dynamic response prediction and the reliable dynamic design of the structure. To this end, one of the major task of SHM system is to providing such information to check the parameters assumed in the design state, to understand the actual performance of the bridge under strong wind, and to develop better design theories for future bridges. The fast Fourier transform (FFT)-based method, such as peak-pick method and half-bandwidth method, are probably the most popular way for identifying natural frequencies and modal damping ratios of long suspension bridge using dynamic measurements from SHM system. However, it becomes questionable to use the FFT-based identification method, especially for damping ratio, when the bridge response to typhoon-induced strong wind becomes nonstationary. To deal with this problem, Yang et al. 22 proposed EMD + HT method together with the random decrement technique to identify modal parameters of linear structures. The authors have applied this method to field measurement data of a long suspension bridge during passage of a very strong typhoon to identify the natural frequencies and damping ratios of the bridge. The identified results are then compared with those obtained by FFT-based method to evaluate the applicability of EMD + HT method to both stationary and nonstationary bridge responses measured during typhoons.
The EMD + HT identification method involves EMD, random decrement technique (RDT) and Hilbert transform (HT). For a linear single-degree-of-freedom (SDOF) system under the impulsive loading, the impulse displacement response function v(t) = A 0 e −ξω0t sin ω d t, t ≥ 0, where ω 0 is the natural circular frequency of the system; ξ is the damping ratio; ω d is the damped natural circular frequency; and A 0 is a constant. According to the HT theory, the analytical signal z(t) associated with v(t) is defined as
whereṽ(t) is the Hilbert transform of v(t).
For civil structures, ξ is small and ω 0 is large, the amplitude A(t) and the phase angle θ(t) for the SDOF system can be obtained by
By introducing the logarithmic and differential operators to the above equation, one obtains
Therefore, the damped natural circular frequency ω d can be identified from the instantaneous frequency ω(t). With the identified ω d and the slope −ξω 0 of the straight line of the decaying amplitude A(t) in a semi-logarithmic scale, the damping ratio ξ can be identified from the function ω d = ω 0 1 − ξ 2 . In consideration that the instantaneous frequency may fluctuate around its mean value due to the amplitude variation of the signal and that the requirement of small damping ratio. Next, supposeẍ(t) is the measured bridge response and it can be decomposed by EMD as
whereẍ j (t) is the jth modal acceleration response; and c i (t) is the ith IMF, r N (t) is the residual. From each modal acceleration responseẍ j (t), RDT is then applied to obtain the free modal response time history. The jth free modal responseẍ
can be then obtained from the ensemble average of all segments as
whereẍ f j (t) is the jth free modal response; L is the number of segments related to the threshold levelẍ s ; t k is the starting time for each segment; ∆t is the time interval of the modal response time history; and M is an integer with M ∆t = T being the duration of each segment. Having the free modal responseẍ f j (t) obtained, one may identify the natural frequency and modal damping ratio using the HT applicable to a single-degree-of-freedom (SDOF) system.
The EMD + HT method and the traditional FFT-based method are applied to the measured acceleration response time histories of 6-h long during a strong typhoon for identifying the natural frequencies and modal damping ratios of Lat1, Lat2, Ver1, Ver2 and Tor1, which stand for the first and second lateral vibration modes, the first and second vertical vibration modes and the first torsional vibration mode, respectively. 5 The results are listed in Tables 1 and 2 for natural frequencies and damping ratios.
It can be observed from the results that the natural frequencies identified by EMD + HT are very close to those obtained by FFT-based method. The modal damping ratios identified by EMD + HT are smaller than those obtained from the FFT-based method. It was well known that the bias error in the FFT-based method always lead to an overestimation of damping because of the limitation on the frequency resolution. Therefore, hundreds of stationary samples should be included in 
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the damping ratio estimation to reduce the random error. Obviously, it is almost impossible in reality to obtain a stationary record during strong typhoon. Considering all the factors and the adaptive nature of EMD method, it may be concluded that the EMD + HT method is superior to the FFT-based method for modal damping ratio identification of large civil structures under strong typhoon.
Structural parameter identification of structures with closely-spaced modes
For parameter identification of large civil structures such as long span bridge, large space structure and tall buildings with flexible masts on its top, one problem frequently encountered in practice is that these structures may possess closely spaced modes of vibration. The traditional FFT-based identification methods are not applicable in theory since it requires linear lightly damped structure with wellseparated modal frequencies. A new EMD + HT method is proposed to identify structural parameters and has been successful in the parameter identification of linear structures with well-separated modes of vibration. 5, 22 The applicability of the EMD + HT to identify the structures with closely spaced modes of vibration needs to be investigated.
The parameter identification procedure is the same as that in the previous section. The following two numerical examples are used to verify the EMD + HT approach. First, dynamic responses of a 2DOF system under an impact load are computed for a wide range of dynamic properties from well-separated modal frequencies to very closely spaced modal frequencies. The natural frequencies and modal damping ratios identified by the EMD + HT method are compared with the theoretical values and those identified using the FFT method. Then, a 36-storey shear building with a 4-storey light appendage on its top subject to an ambient ground motion is analysed using both the EMD + HT method and the FFT method to further examine the applicability of the EMD + HT method for the system with closely spaced modes of vibration. 4 To quantify the difference (space) between two vibration modes, a space index as follows is introduced. The index γ varies in a [0,1] range: a large value corresponds to well-separated modes of vibration while a small value denotes closely spaced modes of vibration.
The comparisons of identified results by FFT and EMD + HT are given in Tables 3  and 4 for 2DOF and 40DOF example, respectively. The results show that the natural frequencies identified by FFT and EMD + HT are quite close to the theoretical values for structures with either well-spaced or closely-spaced modes of vibration.
The results also demonstrate that the FFT-based bandwidth method sometimes fails to identify modal damping ratios when the two modal frequencies are too close to each other but the EMD + HT method is still workable. The modal damping ratios identified by EMD + HT are more accurate than those from FFT-based bandwidth method. The EMD + HT method seems to be a promising tool for the identification of modal damping ratios of structures with closely spaced modes of vibration.
EMD-Based Structural Damage Detection
Identification of sudden structural damage using EMD + HT
To identify, locate and quantify structural damage is the main purpose of SHM system. Most of currently used structural damage detection methods are built on the idea that the measured modal parameters or the properties derived from these modal parameters are functions of the physical properties of the structure and, therefore, changes in the physical properties will cause detectable changes in the modal parameters. 9 Although these methods have demonstrated various degrees of success in damage detection of small structure, there are several confounding factors making them difficult to implement in damage detection of large civil structures. One issue is that almost all methods presume available structural data set from the intact structure which is hard to archive in practice for existing structure. Another factor is that most of these methods operate with data recorded before and after the occurrence of structural damage. By assuming a linear structural behavior during the measurement period, the identified modal parameters are actually averaged characteristics and may not be sensitive to local structural damage. Consequently, if for any reason there is a sudden damage event occurring during the measurement period, these methods cannot be used to find when the damage event occurs.
In this connection, we conducted an experimental investigation on the applicability of EMD for online identification of structural damage caused by a sudden change of structural stiffness. The experiments are carried out on a three-story shear building model installed on a shaking table with two springs horizontally connected to the first floor of the building (see Fig. 7 ). Structural damage is simulated by suddenly releasing two pretensioned spring either simultaneously or successively. Dynamic response including floor accelerations and displacements, column strains, and spring releasing time instants are measured. The EMD is then applied to measured time histories to identify damage instant and damage location for various test cases.
Sudden change of structural stiffness is often of high frequency and it will be reflected in IMF component of very high frequency contents. Therefore, the following procedure is proposed to identify sudden structural damage event by EMD. First, the measured structural responses time history from each test case was processed using the EMD approach with an identical intermittency frequency of 50 Hz. The so-obtained first IMF components were used to identify the damage time instant and damage location of the building through the observation of presence and distribution of damage spikes. Taking Fig. 8 In this test case, the two springs were simultaneously released at t = 9.5 s (see Figs. 8(g) and 8(h)). Though it is hard to identify this damage event directly from the acceleration response time histories, it is easy to observe a shape spike in the first IMF of acceleration response of the first floor as shown in Fig. 8(d) at t = 9.5 s, which is exactly the moment when the two springs were suddenly released and the damage event occurred. Similar phenomena can be observed for successive damage events as shown in Fig. 9 and for different types of excitation. It is concluded from the experimental investigation that the EMD approach with intermittency check can accurately identify the damage time instant by observing the occurrence time of damage spike appearing in the first IMF component of the acceleration response. The damage location can be identified by analyzing the spatial distribution of damage spike along the building height. The EMD approach with intermittency check is quite robust and it is not sensitive to types of external excitation. The small damage severity and the multiple damage events can also be identified using this approach. It is worth noted that the wavelet decomposition is also capable of and a better way for identifying the sudden damage event (e.g. spike in signal) provided proper mother wavelet is chosen. 
Identification of cumulative structural damage using EMD + HT
To further assess the possibility of EMD + HT method for identifying cumulative structural damage, it is applied to the testing results of a 3-story building model (see Fig. 10 ). The steel frame of the building consists of three steel plates for the floor and four plates for the columns. The overall dimensions of the building model were measured as 850 × 500 × 1450 mm with a clear story height of 450 mm. Each steel floor was designed to be a rigid plate in horizontal, thus leading to a shear-type building model in x (long axis) direction. The three natural frequencies in x-direction were measured as 3.369, 9.704 and 14.282 Hz for the undamaged building model. The building was tested under free hammer, random excitation and Elcentro earthquake and acceleration responses of all the floors were measured. Four damage cases, denoted as D1-D4 hereafter, were introduced to the building model by making rectangular cuts to the columns of the first and second floor (see Fig. 2 for details). The theoretical reduction in the horizontal stiffness of the I/II floor is 11.6% for damage case 1/case 3 and 21.1% for damage case 2/case 4. The natural frequencies of the building model for intact and four damage cases are identified using acceleration response of the top floor under different excitation. The results for random excitation are given in Table 5 . It is found that whatever the excitation type is the identified frequencies are close to the theoretical values for both intact and damaged situation. The modal damping ratios of each test case were also identified by the EMD + HT method. The averaged identification values of damping ratio for a certain damage scenario under the same excitation is calculated and listed in Table 6 . It is noted that for damage case 4 of hammer test, the damping ratio of the second mode has not been identified. This is because the sensor used is close to the stationary point of the second mode of vibration. It is seen that EMD + HT is capable to identify the modal damping ratios. There was no clear rule for the change of damping ratios among different damage scenario.
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It is observed from this study that: the EMD + HT approach with proper intermittency check can accurately identify the modal frequencies and it is not sensitive to the type of external excitation and the measurement locations. The modal damping ratios' identification results are reasonable. 
Concluding Remarks
The long-term structural health monitoring of large civil structures will produce a huge amount of data. Therefore, pre-processing, presentation and post-processing of SHM data pose a challenging problem to professionals. The problem becomes even more complicated since structures under extreme load often exhibit strong nonlinearites, and typhoon and earthquakes attack structures are often nonstationary. In view of this, the newly developed data processing techniques empirical mode decomposition is introduced in SHM system to solve problems of data processing, structural parameters identification and structural damage detection, the results and some experience are summarized in this paper. It is concluded from all the above-mentioned works that EMD approach is a promising and effective tool for structural health monitoring system in the sense that: it is adaptive therefore applicable to different kind of SHM data like wind, GPS, acceleration, strain and so on; it is signal-based therefore it is applicable to different kind of civil structures like bridge, tall buildings and space structures. While we benefit a lot from EMD, there are still many challenging issues or problems to be solved for better, deeper and wider application of EMD in SHM. The first one is that in some cases the decomposition results of EMD is quite sensitive to the selection of computational parameters such as intermittency check number, the lowest sifting process number and so on. This factor makes the integration of EMD with intelligent control system of SHM more difficult. The second is lack of mathematical background which is necessary in establishing, for instance, identification methodology based on EMD. It is thus important for researchers to stay close to the new development of EMD and to integrate it fully into the SHM system of large civil structures.
